The acoustic coupling between the injection system and the acoustic fluctuations in liquid rocket engine combustion chambers is an important issue in the understanding of the thermo-acoustic instability phenomenon. This paper presents the results of a wide-ranging parametric investigation of the acoustic response of a two-phase injection system submitted to a forced high-amplitude transverse acoustic field. Two domes, one for the gas and one for the liquid, were expressly designed to feed three identical coaxial injectors. The internal mode shapes of the domes were characterized by measuring pressure signals at different locations in the domes. Experimental mode shapes showed good agreement with those predicted by numerical simulations. Acoustic pressure amplitudes up to 23% of those induced in the main cavity can be found in both the gas and liquid domes. The response efficiency in a dome depends on the position of the injectors' exit in the acoustic field.
Introduction
The development of liquid rocket engine propulsion systems has historically been plagued by the phenomenon of combustion instabilities. 1, 2 Several programs have been devoted to the investigation of this problem and both full-scale and sub-scale tests have been performed. 3, 4 Hot fire tests indicate that among the different types of combustion instabilities, high-frequency transverse instabilities are considered as the most harmful for liquid rocket engine operations.
Although many years of research have been dedicated to solving the problem, there is still a lack of knowledge. The main problem comes from the numerous processes and sub-processes involved, as well as from the complexity of their potential interactions. Combustion in liquid rocket engines is never perfectly steady and fluctuations of pressure, temperature, and velocity are always present. Since the sub-processes that occur in between the injection and the chemical reactions are dependent on the combustion chamber pressure and aerodynamics, a feedback mechanism able to amplify the natural acoustic modes in a combustion chamber is often encountered. 5, 6 The feedback mechanisms are commonly sub-classified into intrinsic and injection-coupled mechanisms. 1, 6 The intrinsic mechanism implies that only the processes taking place after the propellant injection are responsible for the pressure fluctuation amplification in the chamber. The influence of these processes on liquid rocket engine combustion instability has been largely investigated in the literature 1, 7, 8 by treating sub-scale combustors, in lab-scale devices in sub-critical and super-critical conditions and by considering reacting [9] [10] [11] and nonreacting flows. 12, 13 In the injection-coupled mechanism, the acoustic fluctuations in the combustion chamber interact with the natural frequencies of the injection system, causing flow-rate fluctuations which contribute significantly to the acoustic pressure amplification. It is thus clear that the design of the injection system, in particular that of the injectors, represents a key element for the stability of rocket engines. In 1969, Heidmann and Groeneweg 14 identified the injection-chamber acoustic coupling as a driving mechanism for high-frequency instabilities and demonstrated that pressure fluctuations may be suppressed through appropriate acoustic design of the manifold. Research activities on the Common Research Combustor at the German Aerospace Center (DLR) highlighted the importance of the characterization of the acoustic modes of the injection system/ chamber, in the interpretation of experimental results, [15] [16] [17] and a numerical study on the same experimental set-up also highlighted the impact of coupled acoustic cavities on resonance frequencies. 18 Injectionchamber coupling phenomenon has been also treated by Hardi et al. [19] [20] [21] The use of an acoustic baffle in the hydrogen manifold was necessary in that case to reduce acoustic coupling. The impact of acoustic coupling between the injection system and combustion chamber in an another DLR sub-scale model combustor has been recently investigated by Urbano et al. 22 who used high-performance large-eddy simulation in combination with computational acoustics to simulate combustion instabilities in this combustor. By triggering instabilities in the chamber, they were able to obtain limit cycles and acoustic activity in the injection domes that successfully compared with experiments.
This paper focuses on the interaction between the injection system acoustics and acoustic transverse fluctuations forced in the main chamber. The injection system is composed of three coaxial injectors and two injection domes, one for the gas and one for the liquid. The acoustic field is forced in a semi-open resonant cavity by four compression drivers. A parametric investigation is performed in order to characterize the sensitivity of the injection system to some of its key geometrical features.
It will be shown that the response of the injection system is strongly affected by the position of the injectors along the acoustic axis, by the size of the domes, and by the dimensions of the connections between domes and injectors. Some of the experimental results are compared with numerical simulations performed with COMSOL Multiphysics Õ Software. The software was also used in the design process of the two injection domes. Some key aspects of the design procedure are discussed hereafter.
Experimental set-up
The experimental set-up, presented in Figure 1 , is composed of an acoustic semi-open resonant cavity with two parallel and vertical steel plates, a roof and a floor, both made of polyvinyl chloride. A pair of Beyma CP850Nd compression drivers is placed on each vertical plate to excite the second transverse mode of the cavity. The resulting acoustic field is characterized by a pressure anti-node (PAN) in the center of the cavity, two velocity anti-nodes (VANs), and four intensity anti-nodes (IANs). IAN is defined as the location where the product of the acoustic pressure and velocity fluctuations is maximum in the cavity. In the reference frame,x is the horizontal direction parallel to the cavity walls;ỹ is the direction perpendicular to the walls and aligned with the acoustic axis, a.a.; andz is the vertical descending direction. Acoustic pressure peak-to-peak amplitudes up to 12,000 Pa are reached in the cavity at a frequency of 1 kHz.
This experimental set-up was previously used to characterize the influence of the acoustic field on the atomization process by using one to three identical coaxial liquid/gas injectors, fed by independent lines. [23] [24] [25] [26] Water and air were used as working fluids. Injectors' geometries considered here are representative of actual liquid rocket engine devices.
Here, the injection system has been modified by implementing two injection domes (one for the gas and one for the liquid), in order to link the three injectors. The entire system is conceived in such a way that a large number of design parameters can be modified to investigate their influence on the acoustic coupling. In addition to these geometrical parameters, the injection conditions and the position of the injection system along the acoustic axis are also considered. The injection system assembly is shown in Figure 2 along with the main cavity. Three different configurations are shown:
. IAN-PAN-IAN: The central injector's exit is placed at the PAN and the two lateral ones at two IANs. The three injectors' exits are submitted to in-phase cavity pressure fluctuations symmetrically distributed relatively to the central plane (PAN); Details of the gas and liquid domes are given in Figure 3 . Pressure signals are recorded at different locations in the two injection domes. Up to four pressure transducers (PCB 106B) can be placed on the gas dome at the same time in order to characterize its acoustic response (see Figure 4) . The liquid dome is provided with two pressure transducers PCB 113B28, which are flush-mounted inside the pistons as shown in Figure 4 . A reference pressure is also measured in the main cavity at PAN.
A total of 180 test configurations were investigated to characterize the acoustic response of the gas dome, combining:
. five dome sizes indicated as GD0, GD2, GD4, GD6, and GD8, with GD0 representing the smallest dome volume and GD8 the largest. with respect to the acoustic axis (see Figure 2) . The maximum mass flow rate considered here (m air ¼ 1) corresponds to a Weber number We g ¼ g U 2 g D l = ¼ 400. g and U g are respectively the density and velocity of the air, D l is the liquid post diameter, and is the water surface tension.
For the investigation of the liquid dome acoustic response, 60 test cases have been performed, combining:
. five dome sizes noted as LD0, LD05, LD1, LD15, and LD2, with LD0 representing the smallest dome volume and LD2 the largest; . two injector connection lengths (scaled with the injector length): L j ¼ 0.387 and L j ¼ 0.548; . two injector connection diameters (scaled with the injector's exit diameter): d j ¼ 0.67 and d j ¼ 1; and . three spatial configurations of the injection system with respect to the acoustic axis (see Figure 2 ).
The liquid is injected at a Reynolds number
. U l and l are the liquid velocity and the kinematic viscosity, respectively.
The ability to change the size of the two domes, the kind of connections, and the position of the injection system along the acoustic axis provides a unique capacity for testing several resonant and coupling conditions with the same test bench.
The entire set-up is placed in an acoustically isolated room. A LabVIEW interface and an NI cDAQ module are used to manage the experiments. Dedicated software has been developed to automate generation and acquisition of the acoustic signals and to synchronize image acquisition when needed.
Dome characteristics
The two injection domes have been designed by taking into account the geometry of the three injector bodies that were already available. This fixed some constraints in terms of the domes' geometry. Domes' eigenmodes identification has been carried out with the Acoustics optional package of the finite element solver of COMSOL Multiphysics Õ . Simulations were performed with the pressure acoustics module in which the Helmholtz equation is solved in the frequency domain without source terms. Acoustic pressure is the only variable of the problem. The numerical parametric analysis determined the geometry (size, shape. . .) for the two injection domes. Figure 3 shows the final internal domains of the two domes considered in the simulations. These geometries have been used to calculate the domes' eigenmodes. The boundary conditions imposed at the injectors' exit plane are those of an open boundary (p ¼ 0) while all other surfaces are treated as rigid walls (i.e., zero normal acoustic-velocity fluctuations); no mass flow rate is considered in the simulations.
The shapes and the sizes of each dome were selected to obtain eigenfrequencies, f m,n,p close to the frequency of the acoustic field forced in the main cavity, e.g., 1 kHz. Here m, n, and p indicate the number of nodes respectively in the directionx,ỹ, andz.
The gas dome GD (left side in Figure 3 ) presents a rectangular section and encloses a part of the three injector bodies. The link between an injector and the dome is ensured by two diametrically opposite holes drilled in the injector body. The diameter of these holes d or can be changed by replacing the internal insert. The length L GD and the height H GD of the dome were fixed as simulations indicated that the width W GD of the dome was the parameter that most strongly affected the resonant modes of interest. Thus, two pistons were placed on the vertical boundary surfaces in order to vary the dome size W GD . The smallest gas dome volume will be indicated in the following as GD0 and the largest one as GD8.
The mode shapes GD-A, GD-B, and GD-C of the three GD eigenfrequencies closest to 1 kHz, predicted by the simulations, are reported in Figure 5 for d or ¼ 1.125. Characterization of numerical mode shapes is given as a function of the reduced coordinates: Figure 5 (a) represents the real part of the complex pressure amplitude distribution calculated for GD0. The envelope profiles of the pressure amplitude of the acoustic waves alongx g and y g are also reported in Figure 5 (b) and (c). These profiles are calculated at the gas dome mid-height (H GD /2) forỹ g ¼ 0:16 andx g ¼ 0:11 respectively (see Figure 5 (a)). The influence of the dome size on the mode frequencies is indicated in Figure 6 .
For mode GD-A, numerical acoustic pressure distributions indicate that, in the vertical planes y g ¼ constant, all points are in-phase (see Figure 5 (a)) and acoustic pressure has a maximum atx g ¼ 0 and decreases toward the dome boundaries atx g ¼ AE0:5. The vertical symmetry planeỹ g ¼ 0 is the nodal plane, f 0,1,0 (see Figure 5 (c)). Calculations indicate ( Figure 6 ) that the eigenfrequency associated with mode GD-A increases from 950 to 1005 Hz by increasing the dome size.
Mode GD-B presents a spatial structure similar to GD-A along thex g -axis (see Figure 5(b) ). In every planez g ¼ constant, two nodal lines parallel tox g are identified, f 0,2,0 (see Figure 5 (c)). In both plots, curves corresponding to GD0, GD4, and GD8 are superimposed. Increasing the dome size does not affect the associated eigenfrequency, which varies between 1040 and 1050 Hz.
The third mode, named GD-C, changes its shape as the dome size is increased. For GD0, GD2, and GD4 all points in the dome cavity are in phase (see Figure 5(a) ) and the dome acts as a Helmholtz resonator (f 0,0,0 ). For GD6 and GD8, two nodal lines appear in theỹ g -direction (f 2,0,0 ). In thex g -direction, acoustic pressure amplitudes at the pistons' walls are of the same order of magnitude as those observed for GD0. Increasing the dome size produces an associated eigenfrequency which decreases from 1100 Hz to roughly 1040 Hz. The frequency response of the three modes GD-A, GD-B, and GD-C ( Figure 6 ) are in agreement with the experimental characterization of the dome frequency response reported in Appendix 1. Indeed, dome frequency response to a white noise excitation indicates that by increasing the dome size the eigenfrequencies of the dome get closer to the forcing frequency. In Figure 15 , a narrowing of the effective spectrum is noted when the size increases from GD0 to GD8.
The liquid dome LD (right side in Figure 3 ) has a cylindrical geometry. The diameter of the dome d LD is fixed in this analysis, while its length L LD can be varied by means of two pistons. The smallest liquid dome volume is indicated in the following as LD0 and the largest as LD2. The dome is connected to the injectors by three connection junctions. The length L j and the diameter d j of the junctions are two adjustable parameters. corresponding eigenfrequency is around 3500 Hz, because its spatial structure indicates the presence of a pressure node at the central injector, whilst the extremities of the two domes oscillate out-of-phase.
Results and discussion
All tests have been performed by forcing the second transverse cavity mode at a frequency of 1 kHz and at the maximum available acoustic pressure level corresponding to a peak-to-peak amplitude of 12 kPa at PAN. Results indicate that both gas and liquid domes are sensitive to acoustic coupling.
Acoustic response of the gas dome
For all the tested configurations, results indicate that the response of the injection system is strongly affected by the acoustic conditions imposed at the injectors' outlets and by the design parameters. Figures 9 and 10 show the peak-to-peak acoustic pressure amplitudes measured with the pressure transducers inside the dome, while Figure 11 summarizes the pressure transducers' phase-shifts.
In all the configurations, the acoustic level measured in the gas dome decreases as its size is increased. Indeed, a crucial decrease in energy density associated with the eigenmodes is observed in data reported in Figure 15 in Appendix 1. A decrease of the acoustic pressure amplitude in the gas dome is also observed by increasing the mass flow rate due to an increase in the pressure drop. Similarly, decreasing the orifice diameter d or also induces an increase in the pressure drop and a lower response. Figure 9 ). Pressure fluctuations of PT l0 and PT l1 are in-phase while of PT l0 and PT r0 are always out-of-phase irrespective of the dome size. All these features are in accordance with the eigenmode GD-A of the gas dome presented in Figure 5 : all points in vertical planesỹ g ¼ constant are in-phase (see Figure 5 (a) and (b)) andỹ g ¼ 0 is a nodal plane (see Figure 5 (c)). Pressure transducers PT l2 and PT l3 provide complementary information on the acoustic pressure distribution inside the dome. As shown in the study of Ficuciello, 27 these measurements show a global trend of decrease of the pressure amplitude alongx g . This is also consistent with mode GD-A ( Figure 5(a) ) where coordinatesx g ¼ 0:17,x g ¼ 0:32, andx g ¼ 0:47 correspond to the locations of PT l1 , PT l2 , and PT l3 , respectively. Finally Figure 9 indicates that forx g ¼ AE0:17, pressure amplitude decreases when dome size is increased. In combination with the identification of mode GD-A, this indicates that a decrease of the pressure amplitude is likely to occur in the whole dome.
A decrease of the acoustic pressure amplitude in the gas dome is also observed by decreasing the orifice diameter d or . The influence of the size of d or , on the acoustic coupling between the gas dome and the main cavity, can also be noticed in the phase-shift between the signal of PT l0 and the signals of PT c0 , PT r0 , PT l1 , and PT ref , which are reported in Figure 11 (PT ref is the signal of the transducer placed in the main cavity at PAN). With d or ¼ 1.125, acoustic coupling is facilitated and the phase-shift between PT l0 and PT ref varies continuously with the dome size. Since the change in the dome size modifies the internal mode shapes, the phaseshift between two spatially fixed points is affected. The phase-shift inside the gas dome, i.e., between PT l0 and PT c0 , also varies from 45 to 90 , due to the modification of the dome's internal mode shapes. The phase difference between VAN and IAN is expected to be different from zero. Indeed, it was shown by Ca´ceres et al. 28 that in the vicinity of a VAN of such a transverse acoustic field phase-shift varied continuously from 0 to þ . Thus, in our case, the phase difference between VAN and IAN is expected to be different from zero.
On the contrary, with d or ¼ 0.75, the phase-shifts are independent of the dome size. Indeed, the boundary condition near the orifice is not far from that given by the wall condition; thus, measurement at PT l0 does not vary with the size of the gas dome. Thus, the mode shapes established in each cavity are not dependent on each other and the phase-shift between PT l0 and PT ref remains fixed, as well as the phase-shift between PT l0 and PT c0 which is always 50 . At PAN-IAN-VAN, the maximum acoustic response of the injection system is 1600 Pa. In this configuration, the dome is submitted to the largest pressure fluctuation range, due to the presence of both pressure and VANs, at the injectors' exits (see Figure 2) . As explained before, for the IAN-VAN-IAN configuration in the vicinity of the VAN, phase-shift is expected to vary continuously from 0 to þ. Measurements are thus very sensitive to the position of the pressure transducers, which causes the phase-shifts of PT l0 with PT c0 , PT r0 and PT ref to vary with the dome size for both d or ¼ 0.75 and d or ¼ 1.125 (see Figure 11(b) ). The acoustic pressure fluctuations inside the dome decrease when the dome's size is increased, which is in agreement with calculations as shown in Figure 5 .
At IAN-PAN-IAN, the maximum acoustic response of the injection system is 800 Pa. This configuration is centered in the cavity. The three injectors are submitted to in-phase acoustic pressure fluctuations, with amplitudes larger than those of the two previous cases. The acoustic condition imposed in this case facilitates the establishment of the GD-C mode (see Figure 5 mode GD-C). This is confirmed experimentally by in-phase (see Figure 11 (c)) and same-amplitude (see Figure 10 ) pressure signals in the dome. As observed earlier, the gas dome is more likely to respond to acoustic excitation for larger junction diameters. For d or ¼ 0.75, phase-shifts are independent of the dome size, while for d or ¼ 1.125, they change slightly as dome size is Figure 12 . Acoustic pressure amplitude with acoustic coupling in the cavity along the gas dome width. Numerical results are compared to experimental measurements (each curve is scaled by the maximum value A i , with i ð1,3Þ).
increased. This slight change is due to the fact that the mode shape changes in this case. Indeed, simulations indicate that when dome size is increased, the eigenmode changes its mode shape (see Figure 5 mode GD-C). A good agreement between pressure amplitudes measured by PT l1 , PT l2 , and PT l3 and those predicted by simulations is shown in Figure 12 . In this case, simulations take into account the main cavity and the gas dome simultaneously. The Helmholtz equation is solved with boundary conditions at the loudspeakers corresponding to a given normal harmonic acceleration fluctuating at the forcing frequency. Numerical curves are scaled by the maximum experimental value, indicated as A i in the figure. Figure 13 . Acoustic response of the liquid dome as a function of the dome size for the three connection lengths at: (a) IAN-VAN-IAN, (b) PAN-IAN-VAN, and (c) IAN-PAN-IAN. The appearance of the nodal line is clearly visible at GD8. Increasing the dome size at IAN-PAN-IAN does not induce a decrease of acoustic pressure fluctuation amplitudes in all points, as it does in the other two configurations. Indeed, pressure amplitude measured with PT l3 at GD8 is higher than the one measured by PT l0 at GD0, due to the mode-shape veering. Acoustic pressure amplitudes detected in the dome are always lower than 800 Pa, which corresponds to 6.7% of the acoustic pressure amplitude imposed in the main cavity at PAN. However, even when the cavity acoustic pressure amplitudes are maximum at IAN-PAN-IAN, the response of the dome in this configuration is always lower than in the other two cases. The fact that the maximum acoustic response in the dome does not correspond to the maximum acoustic pressure fluctuations in the cavity indicates that the dome acoustics has an important role in the acoustic interaction between the injection system and the main cavity.
The acoustic response of the gas dome strongly depends on the considered parameters and the dependence on such parameters has a unique tendency. For all configurations, the acoustic coupling between the dome and the main cavity is weakened by increasing the mass flow rate and the dome size and by decreasing the connection diameters. The only exception is represented by IAN-PAN-IAN. In this latter configuration, acoustic pressure amplitudes measured in the dome decrease with the dome size until GD6; for a further increment of the dome size, the acoustic pressure amplitudes measured in the gas dome increase. By changing the position of the dome with respect to the acoustic axis, different excitation conditions are imposed on the injection system and consequently different mode shapes are excited inside the injection dome. Mode shapes observed experimentally are in agreement with the numerical simulations. Figure 13 shows the amplitudes recorded by PT l and PT r (schematic representation in Figure 4 ), while Figure 14 shows the phase-shift between their signals. Both quantities are expressed as functions of the dome size, L j and d j for the three spatial configurations considered (IAN-VAN-IAN, PAN-IAN-VAN, and  IAN-PAN-IAN) .
Acoustic response of the liquid dome
For the IAN-VAN-IAN configuration, the liquid dome's acoustic pressure amplitudes (Figure 13(a) ) are always lower than 1200 Pa (10% of the maximum acoustic pressure in the main cavity). Changing the junction diameter or length, or the dome size the liquid dome response, does not present a uniform trend. But for L j ¼ 0.387, the acoustic pressure measurement of PT l continuously decreases with increasing dome size, especially for d j ¼ 1. As shown in Figure 14 (a), the acoustic pressure signals measured with PT l and PT r tend to be out-of-phase. The phaseshift between transducers suggests a spatial distribution of the acoustic pressure similar to that of the LD-B mode shape (see Figure 7) . However, the power spectral density does not present any content around 3500 Hz.
In the PAN-IAN-VAN configuration, the response is more sensitive to the dome size and the acoustic pressure amplitudes decrease with the dome size (see Figure 13 (b)). A peak is measured for LD05: it equals 2000 Pa for the shortest junction length and diminishes to 1200 Pa for the longest one. The phase-shift between the transducers ranges between 40 and 120 , as shown in Figure 14 (a), which does not correspond to that of the simple eigenmodes calculated and presented in Figure 5 .
For the IAN-PAN-IAN configuration and for L j ¼ 0.387, acoustic pressure amplitudes (Figure 13(c) ) are the lowest and do not exceed 700 Pa. For L j ¼ 0.548, a stronger response of the liquid dome is obtained. Results indicate that in some conditions, the liquid dome can present acoustic pressure fluctuations of the same order of magnitude as that observed in the gas dome. The general tendency is to reduce the acoustic response by increasing the dome size. However, results indicate that the liquid dome's acoustic response is more complex than that of the gas dome since amplitude fluctuations are not affected in a unique manner by the investigation parameters.
Conclusion
The acoustic interaction between a high-amplitude transverse acoustic field and an injection system has been investigated. A wide-ranging parametric analysis has been performed and the response of the system has been tested in several configurations. The objective of this investigation was to observe how an injection system could respond to the acoustic pressure fluctuations coming from an instability established in a combustion chamber.
Two injection domes, one for the gas and one for the liquid, have been expressly designed in order to investigate the acoustic coupling at the forcing frequency of 1 kHz. The two domes were used to feed three coaxial injectors similar to those used in liquid rocket engine applications.
By changing the position along the acoustic axis, different excitation conditions are imposed on the injection system and thus different mode shapes are excited inside the injection domes. In most of the cases, eigenmode simulations allow the mode shapes excited experimentally to be identified. However in some cases, the response of the domes, particularly of the liquid dome, is more complex and direct identification is not possible.
The response of the injection system is strongly affected by the acoustic boundary conditions at injector outlets and by all the geometrical parameters considered here. In all the configurations, the acoustic coupling between the gas dome and the main cavity is weakened by increasing the mass flow rate and the dome size, and by decreasing the diameter of the orifices between the injectors and the gas dome. The only exception is represented by the IAN-PAN-IAN configuration, in which an excessive increase of the dome size causes an increase of the acoustic response due to a shape modification of the exited mode (see Figure 12 ). For the IAN-VAN-IAN configuration, the boundary conditions imposed at the injector's exit plane, in terms of acoustic pressure amplitudes in the main cavity, are lower than those corresponding to  PAN-IAN-VAN and IAN-PAN-IAN configurations. But, the gas dome shows the strongest acoustic response for this configuration. This indicates that the dome acoustics plays a role in the acoustic coupling mechanism between the main cavity and the injection system.
Concerning the liquid dome response, the general tendency is to discourage the acoustic coupling by increasing the dome's size. The liquid dome's response does not seem to be strongly sensitive to the parameters studied here for the IAN-VAN-IAN configuration except for the acoustic pressure measurement of PT l with L j ¼ 0.387 which continuously decreases with increasing dome size. But, the liquid dome shows a strong acoustic response in some conditions for PAN-IAN-VAN and IAN-PAN-IAN configurations.
The main conclusion is that both liquid and gas domes show a strong response to the transverse acoustic field established in the main cavity. The maximum of acoustic pressure fluctuation amplitudes attains 23% of the amplitudes of the acoustic pressure forced in the main cavity (without mass flow rate). In an actual propulsion system, such a high level of fluctuations in the injection dome could induce strong mass flow-rate fluctuations. In fact, mass flow-rate fluctuations can contribute significantly to the acoustic fluctuation amplification in the combustion chamber.
Moreover, the maximum response of the domes is not observed in the configuration where the injection system is submitted to the highest acoustic pressure fluctuations of the cavity (IAN-PAN-IAN configuration), but rather where the phase-shift conditions can excite a particular dome eigenmode, as in the IAN-VAN-IAN configuration for the gas dome.
Domes' geometries considered here do not replicate actual rocket engine geometries. However, results presented in this study open the path to the definition of general rules that could be used early in design phases, together with numerical simulations, to anticipate and justify the acoustic coupling behavior of domes/main combustion device cavity and represent a starting point for future investigation.
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The frequency response of the gas dome was investigated experimentally with a procedure similar to that found in the literature for the acoustic characterization of combustion chambers with quarter wave cavities. 29 A white noise signal was used to excite the dome. Dome size was varied from GD0 to GD8 and acoustic pressure was measured with the PT l1 pressure transducer (see Figure 4 ). The signal spectrum was then calculated and filtered in between 900 and 1200 Hz in order to focus on the spectrum region around 1000 Hz. Results are shown in Figure 15 for GD0 and GD8.
By taking into account numerical results reported in Figure 6 , the three modes GD-A, GD-B, and GD-C can be identified in the experimental spectrum of Figure 15 (a) at 970 Hz, 1050 Hz, and 1120 Hz, respectively. Mode GD-B has very low energy compared with GD-A and GD-C, which is in agreement with Figure 5 . For GD8 (see Figure 15(b) ) the frequencies corresponding to GD-A and GD-C are closer than for GD0. This narrowing of the spectrum is in agreement with numerical results reported in Figure 6 , in which eigenfrequencies get closer as gas dome size is increased. Moreover, by increasing the dome size, the density energy around 1000 Hz globally decreases, which explains why gas dome acoustic response decreases by increasing the dome size. 
